We write a New Keynesian model as an aggregate demand curve and an aggregate supply curve, relating inflation to output growth. The graphical representation shows how structural shocks move aggregate demand and supply simultaneously. We estimate the curves on US data from 1948 to 2010. The Great Recession in 2008-09 is explained by a collapse of aggregate demand driven by adverse preference and permanent technology shocks, and expectations of low inflation.
From month to month, discussions of monetary policy focus on understanding recent fluctuations in the data. Formal models contribute to this understanding to varying degrees across central banks.
But as put by Alvarez-Lois et al. (2008) , while there is a large literature that discusses the theory and estimation of DSGE models, there is relatively little that examines the communication of model results to policymakers. This issue is important and here we contribute to it by developing, for estimated DSGE models, a graphical representation, that because of its simplicity, helps formal models contribute even more to policy deliberations. The key innovation of the graphical analysis is that the action takes place in the space of observed variables, the space of inflation and output growth. The data is given but the model is not. What the graphical analysis reveals is how the underlying causes of movements from one quarter to the next decompose into aggregate demand and aggregate supply fluctuations.
In particular, we represent the New Keynesian model of Ireland (2004) graphically, characterising it in terms of an aggregate demand curve and aggregate supply curve. Each curve links inflation to output growth and a structural shift factor. The curves live in the observable space of output growth and inflation. This is not the first graphical representation of a dynamic macroeconomic model, but is, to the best of our knowledge, the first graphical representation of an estimated DSGE model. 1 In recent work-that is independent to our own-Benigno (2009) develops a graphical representation of a two-period New Keynesian framework to illustrate, among other things, the impact of productivity and mark-up shocks and the role of fiscal multipliers. 2 Although these graphical representations yield valuable insights, they cannot be taken to the data, either because they rely on unobservable quantities, like the output gap, or because they make strong simplifying assumptions, like a two-period economy.
The graphical analysis of the structural model yields insights that are likely to be novel to many. For example, the graphical representation makes it clear that any shock, be it a 'supply' shock or a 'demand' shock, shifts both the aggregate demand and aggregate supply curves through its impact on expectations. It also shows how increases in inflation expectations simultaneously expand aggregate demand but contract aggregate supply. The degree to which inflation expectations exercise this joint influence depends crucially on the parameters that govern the slope of the curves: the degree of nominal rigidities, which governs the slope of the aggregate supply curve, and the parameters of the monetary policy rule, which, in turn, govern the slope of the aggregate demand curve.
As an application of the graphical representation, we show how the aggregate demand and aggregate supply curves behaved over the Great Recession of 2007 through 2009.
The Graphical Representation
The details of the New Keynesian model we use can be found in Ireland (2004) . The eight linearized equations which characterise the economy's equilibrium are: 3
x t =ŷ t − ωâ t (4)
where hat-variables represent deviations from steady state values withŷ t denoting the deviation of detrended output from its steady-state,x t the deviation of the output gap from its steady-state,r t the deviation of the one-period interest rate from its steady-state, π t the one-period inflation rate, a t a preference shock, e t a negative cost-push shock and z t a total factor productivity shock which follows a random walk with drift. Note that output growth g t and inflation π t are expressed in levels.
The equations of the model can be manipulated to form aggregate supply and aggregate demand schedules relating inflation to output growth. To find the aggregate supply schedule, substitute
Equations (4) and (5) into (2) to get:
whereŝ t = βE tπt+1 + ψŷ t−1 − ψẑ t − ωψâ t −ê t . In the space of output growth and inflation (g t , π t ), equation (9) expresses inflation as a linear function of output growth, with slope ψ and intercept
. Note that the time-varying interceptŝ t is zero when the economy is on its balanced growth path. Also note that the slope of the curve depends on the degree of nominal price rigidities.
That is, as ψ → ∞ prices become fully flexible which implies a vertical aggregate supply curve.
Conversely as the cost of price adjustment rises, ψ → 0, implying that the aggregate supply curve flattens.
To obtain the aggregate demand schedule, substitute Equations (3), (4) and (5) into (1) to get:
ρπ ε r,t . Note that, as for the time-varying intercept in the aggregate supply curve, when the economy is on its balanced growth path,d t is zero. The slope of the curve (10) depends on the parameters of the policy rule. A greater response to deviations of inflation from target, ρ π , flattens the curve.
Vice versa, stronger responses to output growth, ρ g , and the output gap, ρ x , steepen the aggregate demand curve.
With the values ofŝ t andd t in hand, the aggregate supply curve (9) and the aggregate demand curve (10) can be written as a system of two equations in two variables g t and π t . In matrix notation:
The square matrix must be non-singular because the condition ψ + 1 ρπ + ρg ρπ + ρx ρπ = 0 is always satisfied for reasonable values of the policy parameters and ψ > 0. Inverting the matrix, π t and g t can be solved by:
At any point in time, the economy can be described in the output growth-inflation space, by the intersection of the aggregate supply curve, (9), and the aggregate demand curve (10). Figure 1 shows the (g t , π t ) space populated by quarterly US observations from 1948Q1 to 2010Q3. If drawn, the linear curves (9) and (10) would meet on these observations. But importantly, these observations are the same for every model.
We need estimates of the model parameters to generate the estimated aggregate demand and aggregate supply curves. We follow Ireland (2004) with updated data. We calibrate β to 0.99, ψ to 0.1, and ω to 0.06. The remaining parameter estimates and standard errors are given in Table 1 .
They are much the same as Ireland's. Because of the strong estimated response of the short-rate to output growth and the output gap relative to the response to inflation, the slope of the aggregate demand curve is estimated to be steep: − 1+ρg+ρx ρπ = −4.4. The aggregate supply curve is, owing to the low value of ψ = 0.1, relatively flat. This explains why the model attributes an important role to aggregate demand shocks.
As noted, the evolution of the economy, in output growth-inflation space, can be described by the intersection of the aggregate supply and demand schedules at each point in time. A shock will shift the time-varying intercepts of the curves,ŝ t andd t . Over time, these curves move back toward the steady-state. So, for example, on the impact of a one standard deviation shock to ε r,t ,ŝ t = −0.001 andd t = −0.026. Simultaneously, both curves move. To see this, return to the expression of the system in matrix notation (11) and substitute in the estimated parameter values to get:
This illustrates an important feature of the analysis, that in general equilibrium, shocks simultaneously act on the shifting components of aggregate demand and aggregate supply,d t and s t , through the expectations channel. In the case of the monetary policy shock, in the period of the shock, the increase inr t directly leads to a contraction in aggregate demand as agents adjust consumption. Simultaneously, agents expect the output gap to be negative in the next period and inflation to be below steady-state which, through the Euler condition, contracts aggregate demand further. For the supply side, a fall in inflation expectations acts to expand supply: because it is costly for firms to adjust prices, they have an incentive, for any given level of output, to reduce prices today.
We illustrate the curves and their dynamics following a monetary policy shock in output growthinflation space. Figure 2 draws the aggregate demand and aggregate supply curves at steady-state, the period of the monetary policy shock t = 1, and four periods later at t = 5. It shows the contraction in aggregate demand and the expansion in aggregate supply from steady-state following the shock, and the movements in the curves as the economy returns to steady-state.
The Great Recession
We estimated the model on US data from 1948Q1 to 2010Q3. This allows us to analyse the behaviour of aggregate demand and aggregate supply over the period of the Great Recession (Ireland, 2011). As per Ireland (2004), the observed quarterly series were the growth rate in US GDP per person, inflation of the US GDP deflator and the 3-month Treasury bill rate. The advantage of drawing the curves in output growth-inflation space is that the analysis is done relative to fixed and observable points and that through estimation we can understand the forces moving the aggregate demand and aggregate supply curves from the observed points.
We focus on the more recent period of estimation. To understand why these curves moved, Table 2 shows the components of aggregate demand and aggregate supply as per Equations (9) The graphical analysis highlights the importance of ψ, the degree of nominal rigidities, in interpreting the data. If we were to set this parameter differently and re-estimate the model, we would find, not surprisingly, different shocks that match the data. This seems clear enough, but is emphasised by observing that in Figure 3 , the data points are fixed. Different parameter values would change the slopes of the two curves. As such, different shocks will be needed to move those curves from observation to observation, that is, the contents of Table 2 will 
